The mannose-binding lectin: a prototypic pattern recognition molecule Kazue Takahashi, WK Eddie Ip, Ian C Michelow and R Alan B Ezekowitz The innate immune system is comprised of a sophisticated network of recognition and effector molecules that act together to protect the host in the first minutes or hours of exposure to an infectious challenge. The mannose-binding lectin (MBL) is an evolutionary conserved circulating host defense protein that acts as a broad-spectrum recognition molecule against a wide variety of infectious agents. Target binding triggers the MBL pathway of complement activation. MBL can be considered conceptually as an 'ante-antibody' because it has a role in mammals during the lag period that is required to develop an antibody response against infectious agents. Additionally, there are MBL-like homologues in animals that lack adaptive immunity that activate a primitive complement system, and under these circumstances these MBL-like molecules play an analogous role to antibodies in higher animals. These molecules might be considered to be functional antecedents of antibodies. Recent work also indicates that MBL recognizes altered self-antigens, and as such MBL has a role that extends beyond a traditional role in first line host defense as it appears to play a role as a modulator of inflammation.
Introduction
The innate immune system is considered to be the first barrier to infection. The skin, the mucociliary escalator in the lung, antimicrobial peptides, bacterial permeability increasing protein, natural antibodies, the complement system, lipopolysaccharide-binding protein, certain classes of lymphocytes, NK cells, and tissue macrophages conspire to limit an infectious challenge. This repertoire of molecules, together with other molecules and cells and their many biologically active products, undoubtedly act in concert and represent a network of first-line host defense.
Intrinsic to innate immunity is the ability to recognize infectious agents from self. One basic tenant of innate immunity is the evolution of classes of molecules that are termed pattern recognition receptors and molecules. These molecules recognize the patterns that adorn the so-called pathogen associated molecular patterns (PAMPs) of infectious agents [1] . PAMPs represent invariant exposed structures such as lipopolysaccharide, peptidoglycans, mannans, double-stranded RNA and methylated bacterial DNA. Specified pattern recognition receptors either directly recognize and or sense infectious agents. These include Toll-like receptors, peptidoglycan recognition proteins, scavenger receptors and lectin-like molecules such as the mannose receptor and the mannose-binding lectin (MBL). Recent work indicates that the role of MBL extends beyond pathogen recognition to include recognition of cryptic self antigens that are exposed by reperfusion injury or are modified by disease states such as diabetes [2, 3] . In this context it is noteworthy that the expression of Mbl2 gene is regulated, so that certain MBL haplotypes are associated with a dramatic decrease in circulating MBL levels. The prevalence of these low secretor MBL haplotypes vary between ethic populations, ranging from 5% in Caucasians to 30% in certain African populations [4] . Low MBL levels are associated with susceptibility to infection in the context of a compromised host, which is in keeping with the role of MBL as an ante-antibody. By contrast, high MBL levels might exacerbate the renal complications of diabetes and the inflammatory consequences of reperfusion injury. Therefore, MBL might represent a paradigm of the multifunctional roles of molecules of the innate immune system that extend beyond their traditional roles in host defense.
In this review, we attempt to provide an overview of the role of MBL in health and disease and illustrate that this molecule represents many nuances that are emerging as a paradigm for molecules involved in innate immunity.
Molecular characterization of MBL
An important preface to this section is that the MBL acts in a context of many circulating pattern recognition molecules that contribute to limiting the initial spread of an infectious disease. Some of these molecules are known, but it is likely that many are yet to be discovered. The liver is the major source of MBL synthesis, although other sites such as the intestine have been proposed [5] [6] [7] . MBL exists in serum as a multimer of homotrimers. The regular collagen repeats of Gly-Xaa-Yaa region have an interruption of a single Gly-Xaa-Gly that forms a kink in this domain that follows the amino-terminal cysteine-rich domain of MBL.
In the human MBL protein, a neck region arranges the carbohydrate recognition domains (CRDs) so that they are 45 Å apart and is followed by the collagen helix ( Figure 1a ) [1] . MBL belongs to the collectin family. This includes four other proteins that have calcium-dependent CRDs and collagen stalks [8] . MBL recognizes specific carbohydrates such as D-mannose, L-fucose and N-acetylglucosamine that are represented on the surface of a wide variety of infectious agents ( Figure 1b) [1]. Pathogens targeted by MBL include certain Gram-positive and Gram-negative bacteria, yeast, parasites and viruses [9] . Recently it has become apparent that MBL (like two other collectinssurfactant proteins A [SP-A] and D [SP-D]) is also able to recognize apoptotic cells, free DNA and a variety of altered-self antigens, among other targets (Table 1) . The ability of MBL to recognize either altered-self or self molecules that are not normally accessible relates directly to the role of this protein that extends beyond the first-line host defense and suggests a broader function as a general modulator of inflammation.
MBL and the complement cascades
There are three pathways in the complement cascade: the classical, alternative and lectin pathways [10 ] . Initial antigen recognition of the classical pathway depends on antibodies. In the alternative pathway recognition occurs directly by cleaved third complement component C3b, and in the lectin pathway recognition is by way of either MBL or ficolins. For the classical pathway, recognition depends upon IgM or certain isotypes of antibody [11] that interact with the first component of complement C1q, which is structurally similar to MBL. Binding of C1q results in a conformation change that activates two homologous serine proteases -C1r and C1s [12] . These proteases cleave complement components C4 and C2 to form C4bC2b convertase, which in turn cleaves the third complement component C3. Cleaved C3 (C3b)
The mannose-binding lectin Takahashi et al. 17 Figure 1 (a) A schematic diagram of proposed binding of MBL to hexose sugars that have hydroxyl groups in the equatorial position and are thereby accommodated in the binding pocket that is stabilized by calcium ions. Also depicted is a model of MBL binding to complex ligands that require interactions of multiple binding pockets with ligand, which results in high affinity binding. (b) A model of the interactions of MBL with MASPs. Engagement of ligand by MBL activates MASP2, which then cleaves the C2C4 convertase and results in the cleavage of C3 and the generation of C3b. It has also been proposed that MASP1 can directly cleave C3; what is not known is whether this requires an MBL interaction with ligand. Our model proposes that this might be a prerequisite for this reaction to occur and that this in turn would activate the alternative complement pathway. Adapted from [1]. either opsonizes the target for uptake by phagocytic cells or leads to the assembly of the membrane attack complex that permeabilizes the target membrane. The effector ability of MBL in host defense is facilitated by activation of the lectin pathway through a specific interaction between MBL and MBL-associated serine protease (MASP) ( Figure 1 ).
Recent work indicates that the minimum functional unit required to activate MBL:MASP2 complement activation is a MASP2 dimer bound to two MBL trimeric units [13] . However, there are three known MASPs that have been termed MASP-1, -2 and -3 [14, 15] . MASP1 and MASP2 are encoded by distinct genes whereas MASP3 represents an alternative splice form of the MASP1 gene that lacks a serine protease domain. MASP2 is the functionally relevant enzyme in initiation of the lectin complement pathway. MASP2 is made up of six protein domains that include two CUB domains, a calcium-binding EGF-like domain, two complement consensus repeat domains and a terminal serine protease domain [15] . Recent structural work confirms that the amino-terminal domain of CUB-1:EGF:CUB-2 mediates homodimerization of the molecule as well binding to MBL [15] . The MASP2 dimer appears to nestle in a distinct region of the collagen domain on the carboxy-terminal side of the Gly-X-Gly kink in the collagen region and ends proximal to the neck region of the molecule. Ligand binding induces a conformational change in the MASP2 that activates the terminal serine protease domain. It appears that MASP1 and MASP3 bind to distinct but overlapping areas of MBL schematically represented in Figure 1 . Their respective roles in the lectin complement pathway require further clarification.
A key question is regarding the relative roles of the classical, alternative and lectin pathways. L-and H-ficolins, like MBL, are circulating proteins that participate in the lectin pathway by binding MASPs [16] . L-ficolin contains a collagen-like domain and a fibrinogen-like domain that appears to bind N-acetylglucosamine and other acetylated compounds [17] . Compared with MBL, L-ficolin might have a more selective recognition repertoire. From an evolutionary perspective it appears that the lectin pathway is the most ancient pathway of complement activation. A glucose-binding lectin isolated from the solitary ascidian Halocynthia roretzi is structurally homologous to MBL [18] . This animal also has a MASPa, a MASP1 homologue and an ancestral form of C3 that is cleaved by MASPa [19] . In mammals, MASP1 can cleave C3 directly [14] . Therefore, MASPa appears to be the primordial form of human MASPs and this system seems to represent the ancestral complement pathway that preceded adaptive immunity.
In mammals it has been suggested that there is cross-talk between the three complement pathways that goes beyond the obvious convergence on cleavage of C3. It has been demonstrated under certain circumstances, such as ischemia-reperfusion injury complement-mediated damage is initiated by monoclonal IgM [20] . One might speculate that target-bound IgM undergoes conformational change, binds MBL and subsequently activates MASP2 to generate C3 convertase without requirement of the C1 complex. Serving as a cautionary note to this attractive idea is a recent in vitro study that indicated that only 20% of IgM binds to immobilized MBL [21 ] . However, once IgM binds antigen, IgM is unable to bind MBL because the target glycans on IgM become inaccessible owing to a conformational change in its structure [21 ] . These authors speculate that MBL might bind and clear IgM complexes [21 ] .
Another issue that is not fully understood is the relationship between the alternative and the lectin pathways. The alternative pathway relies on the cleaved C3b to activate the alternative pathway convertase that catalyses the reaction. It seems that the initially cleaved C3 product might be generated by MASP1 that circulates in a complex with MBL and/or ficolins. Accordingly, the initial recognition event for the alternative pathway is hypothetically mediated by the lectin binding. Therefore, these ideas raise the question of whether the alternative pathway acts as an amplification pathway for the lectin and classical pathways or whether it exists as a truly independent physiological cascade. Table 1 The endogenous ligands of MBL. 
Endogenous ligands of MBL References

MBL as a disease susceptibility gene
Charles Janeway [22] proposed that molecules that participate in the innate immune response were invariant because variations in their gene expression would be detrimental to the host and consequently they would be lost by natural selection. It now appears that single nucleotide polymorphisms (SNPs) in a variety of genes in which the gene products play a key role in first-line host defense can determine an individual's relative resistance or susceptibility to an infectious challenge. Although classical Mendelian inheritable forms of immunodeficiency are important [23] , it is clear that there are many genes that participate in first-line host defense and that their inheritance patterns do not follow the rules of Mendelian genetics. It appears reasonable that the innate immune system of each individual is specified by their innate immune genotype, which is likely to reflect a diversification in several genes that play a key role in host defense [24 ] . Variations in the MBL gene, Mbl2, are amongst the most intensely studied and as such represent a paradigm that will apply to other genes in which the products play a key role in first-line host defense.
There is a rapidly expanding body of literature that focuses on the impact of variations in MBL haplotypes or serum concentrations on human diseases. At least ten distinct MBL haplotypes have been described in humans, four of which (LYPB, LYQC, HYPD and LXPA) dictate low serum MBL concentrations [4] . Human populations from diverse geographic locations and ethnic genetic backgrounds have a high rate of haplotype variation, with a range of heterozygosity from 15% in white populations to 30% in certain African populations [25] . Importantly, there is no consensus about the range of MBL concentrations that constitutes normal serum values. In this context, contradictory findings in the literature reflect a combination of intrinsic genetic differences, lack of methodological standardization and discrepant interpretation of data. Nevertheless, the available evidence validates correlations between certain MBL genotypes and/or MBL serum concentrations on the one hand and infectious, autoimmune, inflammatory, vascular and metabolic diseases, as well as ischemia-reperfusion injury, on the other hand [25, 26] .
To establish standardized and reproducible interpretative criteria, we propose that it would be helpful to always correlate low levels of MBL with a functional measurement of the MBL:MASP pathway. This assumption would correlate with structural variants of MBL that are unable to bind MASP2 because of disruption of the MASP2-binding site in the MBL collagen stalk, consequently reducing lectin pathway activity [27] .
Low levels of MBL are associated with increased susceptibility to infection [31] and a broad category of immunosuppression that is often secondary to cancer chemotherapy. In this way, an individual's MBL haplotype might represent that person's premorbid innate immune genotype, which contributes to their susceptibility or resistance to infection in the face of neutropenia.
These observations have led to the idea that recombinant human MBL (rhMBL) therapy might be used effectively as prophylaxis against infection in the context of cancer chemotherapy in those individuals that have low-producing MBL haplotypes. The concept of patient pre-selection for therapeutic intervention based on their molecular phenotype has set a precedent in the use of specific anticancer agents that target mutations found in a subset of patients with diseases such as chronic myeloid leukemia and non-small-cell lung cancers [32] . In addition, infants have a period of vulnerability to infection between the ages of 6 and 18 months of age; this is associated with delayed maturation of MBL synthesis and waning maternally-derived immunoglobulin concentrations when the adaptive immune system is still immature [33] [34] [35] .
Healthy individuals that have low-producing MBL variants also might have increased susceptibility to certain viruses. However, it is possible that implicated viruses transiently suppress adaptive immunity and thereby exacerbate disease expression in individuals that have MBL deficiency. There is ample evidence in the literature of interactions between MBL and certain viral pathogens such as human immunodeficiency virus, influenza viruses, severe acute respiratory syndrome coronavirus (SARS-CoV) and hepatitis B virus, among others. MBL binds specifically to the human immunodeficiency virus gp120 envelope proteins, efficiently opsonizes the virus and prevents infection of T lymphocytes [36] . MBL mediates hemagglutination and neutralization of influenza virus [37] and complement-associated lysis of infected cells [38, 39] . More recently, epidemiologic correlation studies have revealed associations between MBL deficiency and certain viral infections. In infections caused by SARS-CoV, MBL appears to play a primary role in host defense. Certain mutant MBL alleles are susceptibility factors for acquisition of coronavirus infection [40 ,41] . Furthermore, severity, chronicity and bacterial complications of hepatitis B virus infection and its sequelae such as cirrhosis and hepatocellular carcinoma are associated with MBL genotypes that dictate low serum concentrations, whereas high MBL levels are associated with containment of the infection [42, 43] .
Disease models of MBL deficiency
Bacterial infections
The human association studies provide useful insights into the role of MBL in health and disease, but to evaluate a causal role of MBL in host susceptibility we set out to create a mouse model of MBL deficiency. Humans and New World monkeys have a single MBL gene, whereas rodents have two genes -mbl1 located on chromosome 14 and mbl2 on chromosome 19 that encode for MBL-A and MBL-C, respectively [25 ] . These two forms of rodent MBL bear 50% homology to one another, have distinct and overlapping ligand-binding specificity and are both able to activate the MBL:MASP pathway [7] . We created MBL-null mice that lack both forms of MBL and that were devoid of MBL:MASP pathway activity [44 ] . We then challenged these mice with various infectious agents under certain defined conditions.
First, we subjected MBL-null and wild-type mice to an intravenous inoculation of S. aureus [44 ] . We selected this organism because it causes significant worldwide morbidity and mortality, and it is associated with development of high-level resistance to currently available antibiotics. In addition, it appears that MBL plays a key role in mobilizing the complement cascades in response to S. aureus infection. This raises the idea that the presence of low-producing mbl2 gene haplotypes might be a genetic factor that predisposes certain humans to poor outcomes as a result of S. aureus infection. We found that MBL-null mice are indeed highly susceptible to S. aureus systemic infection, because all MBL-null mice died by two days after infection compared with a survival rate of 55% in wild-type mice. Importantly, pretreatment of MBL-null mice with rhMBL restored the MBL:MASP pathway in vivo and reversed the phenotype. Compared with wild-type mice, there was a 10-100-fold increase in bacterial titers in the blood, liver, spleen, kidneys and lungs of MBL-null mice. The bacterial challenge evoked a muted cytokine response in the MBL-null mice and the organism was able to proliferate in these animals; this was a marked contrast to wild-type or MBL-null mice that were reconstituted with rhMBL.
In summary, this study indicated that MBL acts in the same way as an opsonin, but also is important in stimulating an appropriate pro-inflammatory response. Recent unpublished work from our laboratory indicates that MBL probably regulates TNF-a secretion by co-opting known pathways within the cell (WKE Ip, unpublished) . This work also provides credence to the idea that MBL is an important component of first-line host defense against certain pathogens. However, under most circumstances a lack of MBL does not predispose the immunocompetent host to bacterial infection. It is in the setting of relative immune insufficiency that low-producing MBL haplotypes are associated with enhanced susceptibility to infection, as is observed in the setting of cancer chemotherapy.
We found that intraperitoneal inoculation of a dose of S. aureus that was lower than that used for intravenous experiments did not cause infectious complications in MBL-null mice unless they were rendered neutropenic [44 ] . This was in contrast to neutropenic wild-type mice that were able to contain and eliminate the infection. These results confirm that, under certain circumstances, MBL plays a non-redundant role in first-line host defense against certain microorganisms.
Burn models and infection
One problem with these types of mouse models of infection is that the initial inoculum of organisms is unrealistically high. Therefore, we sought to establish a more physiological model for the role of MBL in limiting infections. We elected a burn injury model. Burn injury disrupts the mechanical and biological barrier that the skin presents against bacterial pathogens. A frequent cause of morbidity and mortality in burn victims is infection with the Gram-negative bacterial symbiont Pseudomonas aeruginosa, among others. The skin utilizes a combination of antimicrobial peptides and resident effector cells such as Langerhans cells, NKT cells, gd T cells and tissue macrophages to combat the infectious challenge following burn injuries [45] . Disruption of skin integrity induces rather chaotic inflammatory responses that include influx of phagocytes and serum factors such as complement and MBL.
We examined whether MBL deficiency increases the risk of P. aeruginosa infection in a burned host. We found that both wild-type and MBL-null mice were resistant to a 5% total body surface area dry-burn. However, when mice were burned and then inoculated with P. aeruginosa (1 x 10 4 cfu) at the burn site, all of the MBL-null mice died by 42 h as a result of septicemia, whereas only onethird of wild-type mice succumbed (p = 0.0005) [46 ] . Importantly, in the skin at the inoculation site, there was no difference in growth rates of the bacteria between the MBL-null mice and the wild-type mice. However, we found that the bacterial titer in the blood of MBL-null mice was significantly higher than that of wild-type mice. Elevated bacterial titers were also observed in kidneys and livers of MBL-null mice. These results indicate that MBL does not play a role in local host defense in the skin but rather plays a key role in containing and preventing the systemic spread of P. aeruginosa infection. These observations suggest that low MBL haplotypes might contribute to the infectious complications in burn patients, a subject hitherto that has not been addressed.
Viral infections
In addition to bacterial infection models, a viral infection model has been also explored. MBL-null mice demonstrated increased susceptibility to systemic infection with herpes simplex virus-2 (HSV-2) [47] . These results provide in vivo evidence that MBL plays an important role in firstline host defense against infection with S. aureus, P. aeruginosa and HSV-2 and support the clinical associations between MBL deficiency and increased susceptibility to certain infections.
Ischemia-reperfusion injury
Animal models of ischemia-reperfusion injury have clearly indicated a role for complement components as key mediators of reperfusion damage [20] . The relative role of the three complement pathways has been a source of much investigation. Recent work has indicated that inhibition of the MBL:MASP pathway in a rat myocardial reperfusion model caused protection against subsequent reperfusion injury [48] . Three sets of studies in MBL-null mice examined the role of the MBL:MASP pathway in reperfusion injuries of the gut, kidney and heart [49, 50, 51 ] . All three studies revealed that lack of the MBL:MASP pathway was protective, which indicates that this pathway did have a role in mediating reperfusion injury. One note of caution is that it appears that the effects depend on the length of time of ischemic injury. It is clear that factors other than the MBL:MASP pathway contribute to the reperfusion injury. Important next steps in this crucial area of investigation are to define the precise antigens that are recognized by MBL and to establish the relative role of MBL as initiators of the reperfusion injury.
Autoimmunity MBL also recognizes altered-self in the guise of apoptotic cells and therefore joins the collectins, SP-A and SP-D, and C1q in this function. C1q deficiency sets up a predisposition in man and mice for systemic lupus erythematosus [52] . It has been suggested that the failure of C1q apoptotic cell clearance leads to the presence of apoptotic cells that are available as self-antigens that then trigger autoimmunity. Like C1q-null mice, MBL-null mice also demonstrated a defect in apoptotic cell clearance but they did not develop spontaneous autoimmune diseases, lymphoproliferation or germinal center expansion, although the mice did have expanded numbers of peritoneal B1 cells [53 ] .
These results indicate that failure of apoptotic cell clearance alone can be dissociated from the development of autoimmunity in this model and on a mixed genetic background. Clearly, propensity to autoimmunity is a multistep process that involves several genes. Our animal experiments together with the human association studies suggest that MBL is, at best, a weak modifier of the autoimmune phenotype.
Conclusions
A significant body of work now indicates that MBL fulfils the criteria of a molecule that plays an important role in the host's initial response to infection. MBL is able to coopt a unique pathway of complement activation as well as to mediate MBL-dependent phagocytosis by circulating and sessile leukocytes. What is not clear is the relative role of complement receptors versus MBL or collectin receptors in mediating MBL-dependent clearance of bound particles. In this regard, it appears that MBLmediated clearance of infectious agents provokes a proinflammatory response, whereas MBL-dependant clearance of apoptotic cells promotes an anti-inflammatory response. The precise signals that mediate these different outcomes have not been defined but clearly are of great interest.
Another mystery is why the MBL locus displays such variation. One can speculate that dysfunctional MBL disables the MASP pathway of complement activation, thereby predisposing the host to infection under immunocompromising conditions or in the setting of certain viral infections; by contrast, this same phenotype reduces the complications of ischemia-injuries. Noteworthy in this regard is a recent report that examined mutations in the human-expressed MBL pseudogene. The authors speculate that the same mechanisms that are at play in silencing the pseudogene over time also impact the selection for low-producing MBL haplotypes [54] . However, the evolutionary pressure for this proposed drift to low-producing haplotypes is not clear. Therefore, in many respects MBL represents a paradigm for a molecule that has a broad role in innate immunity and inflammation.
